Introduction
============

Much of genome size variation among plant lineages can be ascribed to copy number differences of mobile genetic elements known as long terminal repeat (LTR) retrotransposons. *T3/gypsy* and *Ty1/copia* elements represent the two main superfamilies of autonomous LTR retrotransposons in plants ([@evt006-B17]; [@evt006-B50]) and are typically 4 to approximately 15 kb in length and possess an interior coding region normally harboring two genes and multiple domains involved in different steps of element transposition ([@evt006-B23]). Flanking the coding region are terminal repeats (the LTRs) that are identical in sequence at the time of element insertion and that harbor regulatory sequences involved in element activation ([@evt006-B8]; [@evt006-B38]; [@evt006-B1]).

The LTR retrotransposon replication cycle involves mobilization via a copy-and-paste mechanism whereby individual elements serve as transcriptional templates for the synthesis of mRNAs that are reverse transcribed before integration at new chromosomal positions as double-stranded DNA molecules ([@evt006-B17]; [@evt006-B30]). LTR retrotransposons thus can achieve exceptionally high copy numbers and have come to represent the majority of nuclear DNA of many organisms.

Because of mutational effects of transposable element insertions near or within native genes, host genomes have evolved mechanisms to disrupt steps of the LTR retrotransposon replication cycle ([@evt006-B54]; [@evt006-B33]; [@evt006-B21]). Notwithstanding these mechanisms of repression, several biotic and abiotic phenomena have been linked to LTR retrotransposon activation and/or proliferation. Hybridization has been demonstrated to activate LTR retrotransposons in several species groups ([@evt006-B46]; [@evt006-B18]; [@evt006-B22]), presumably due to the disruption of host repression mechanisms as a consequence of merging differentiated genomes. Exposure to biotic and abiotic stressors also has been implicated in element derepression and copy number amplification ([@evt006-B49]; [@evt006-B7]). Interestingly, regulatory sequences in LTRs bear strong resemblance to endogenous stress-responsive plant genes, thus providing a potential mechanism through which stress-induced transcriptional activation might occur ([@evt006-B38]; [@evt006-B31]; [@evt006-B53]). The relative importance of hybridization and stress as triggers of LTR retrotransposon activation in natural populations is not well known, however, nor have these potential triggers been simultaneously evaluated experimentally.

Wild sunflower species in the genus *Helianthus* provide an excellent system in which to examine ecological and evolutionary dynamics of LTR retrotransposon derepression and proliferation and the potential roles of hybridization and abiotic stress in these processes. Among annuals of *Helianthus*, three species (*Helianthus anomalus*, *H. deserticola*, and *H. paradoxus*) independently experienced large-scale proliferation events of *T3/gypsy* elements ([@evt006-B41], [@evt006-B40]; [@evt006-B34]) and to a lesser extent *Ty1/copia* elements ([@evt006-B15]). Both hybridization and abiotic stress have played important roles in the evolutionary history of these sunflower hybrid taxa. The three hybrid taxa derive from hybridization events hypothesized to have occurred 0.5--1 Myr ago between two annual sunflower species, *H. annuus* and *H. petiolaris,* and are locally adapted to harsh abiotic conditions: *H. anomalus* and *H. deserticola* inhabit desert-like conditions of the southwestern United States, whereas *H. paradoxus* is restricted to marsh environments mostly in New Mexico and Texas with high concentrations of salt and other ions ([@evt006-B48]; [@evt006-B12]).

In this report, we examine transcriptional dynamics of multiple distinct sublineages of *T3/gypsy* and a single sublineage of *Ty1/copia* in greenhouse synthesized, early generation *H. annuus* × *H. petiolaris* hybrid genotypes under both control and abiotic stress treatments and in the ancient hybrid species under control conditions. We demonstrate that, unlike many previous reports, hybridization and abiotic stress treatments do not facilitate or further induce LTR retrotransposon expression. Sublineage-specific elements of *Ty3/gypsy* that proliferated in the sunflower hybrid taxa were transcriptionally active in all samples assayed but expressed at far higher levels in the ancient hybrid taxa.

Results
=======

Transcriptional Dynamics in *H. annuus*, *H. petiolaris*, and Interspecific F1 and Backcross Hybrid Genotypes under Control and Stress Conditions
-------------------------------------------------------------------------------------------------------------------------------------------------

Transcriptional activity of three *Ty3/gypsy* sublineages and a single *Ty1/copia* sublineage was assayed via RT-PCR for each of 10--12 *H. annuus*, *H. petiolaris*, and interspecific F1, and BC hybrid individuals ([supplementary tables S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) and [S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) and [fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) online) under control (C) and two experimental stress conditions 42 and 70 days postgermination. The *Ty3/gypsy* sublineages correspond to phylogenetically well-supported sublineages A, C, and E reported in [@evt006-B40], and the *Ty1/copia* sublineage corresponds to sublineage B′ reported in [@evt006-B15]. Transcriptional activity was observed for one of the *Ty3/gypsy* sublineages (Sublineage A; [fig. 1](#evt006-F1){ref-type="fig"}*A* and *B*) and the single *Ty1/copia* sublineage ([fig. 1](#evt006-F1){ref-type="fig"}*G* and *H*) across all treatments and at both sampling time points. These same lineages were shown previously to be transcriptionally active in natural *H. annuus* × *H. petiolaris* hybrid zones and adjacent stands of *H. annuus* and *H. petiolaris* ([@evt006-B14]) and to have undergone proliferation events independently in three diploid hybrid species derived from *H. annuus* and *H. petiolaris* ([@evt006-B41]; [@evt006-B15]). The remaining *T3/gypsy* sublineages assayed (sublineages C and E) were transcriptionally inactive under all treatments and at both sampling time points ([fig. 1](#evt006-F1){ref-type="fig"}*C*--*F*). These transcriptional patterns were invariant across all individuals sampled regardless of genotype. For brevity, results for single individuals of each genotype/treatment/time point combination are shown in [figure 1](#evt006-F1){ref-type="fig"}. Representative positive and negative controls reactions for RT-PCR are shown in [supplementary figure S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) online. F[ig]{.smallcaps}. 1.---RT-PCR results for three sublineages of *Ty3/gypsy* and one sublineage of *Ty1/copia* LTR retrotransposons for *H. annuus* (Ann), *H. petiolaris* (Pet), and their F1and backcross (BC) hybrids. Lane C, control treatment; lane S, salt treatment; and lane SW, salt + wound treatment. (*A*) and (*B*), *Ty3/gypsy* sublineage A; (*C*) and (*D*), *Ty3/gypsy* sublineage C; (*E*) and (*F*), *Ty3/gypsy* sublineage E; and (*G*) and (*H*), *Ty1/copia*. (*A*), (*C*), (*E*), and (*G*): 42 days postgermination and (*B*), (*D*), (*F*), and (*H*): 70 days postgermination.

Transcriptionally active *Ty3/gypsy* and *Ty1/copia* lineages were assayed by quantitative PCR to determine the effects of experimental treatments on expression levels. Analysis of variance revealed significant effects of Treatment, Time point, Genotype × Time point, and Treatment × Time point for both *Ty3/gypsy* and *Ty1/copia* expression responses ([table 1](#evt006-T1){ref-type="table"}); a significant interaction effect of Genotype × Treatment was additionally observed for *Ty3/gypsy* expression ([table 1](#evt006-T1){ref-type="table"}), and a significant effect of Genotype was additionally observed for *Ty1/copia* expression ([table 1](#evt006-T1){ref-type="table"}). [Figures 2](#evt006-F2){ref-type="fig"} and [3](#evt006-F3){ref-type="fig"} illustrate patterns of quantitative transcriptional response for *Ty3/gypsy* and *Ty1/copia*, respectively, under different experimental treatments and at different sampling time points. *Ty3/gypsy* and *Ty1/copia* expression levels were higher, on average, at the second sampling time point ([figs. 2](#evt006-F2){ref-type="fig"}*B* and [3](#evt006-F3){ref-type="fig"}*B*). Exposure to stress reduced *Ty3/gypsy* and *Ty1/copia* expression although this response only was evident at the second sampling time point ([figs. 2](#evt006-F2){ref-type="fig"}*B* and [3](#evt006-F3){ref-type="fig"}*B*). The significant effect of Genotype on *Ty1/copia* expression ([table 1](#evt006-T1){ref-type="table"}) was manifest as higher expression in *H. annuus* versus *H. petiolaris* for most Time point × Treatment combinations with expression in interspecific hybrids generally nondistinguishable from or intermediate relative to parental lines ([fig. 3](#evt006-F3){ref-type="fig"}). In no instances were expression levels in hybrid genotypes significantly higher than those measured for parental lines. F[ig]{.smallcaps}. 2.---Quantitative PCR results for *Ty3/gypsy* sublineage A expression in *H. annuus*, *H. petiolaris*, and their F1 and backcross hybrids under control, salt, and SW treatments. (*A*) Assays performed 42 days postgermination and (*B*) assays performed 70 days postgermination. Sample sizes are as follows: *H. annuus*, *n* = 8--12; BCann, *n* = 5--6; F1, *n* = 8--11; BCpet, *n* = 5--6; and *H. petiolaris*, *n* = 7--10. Error bars indicate 1 SE. F[ig]{.smallcaps}. 3.---Quantitative PCR results for *Ty1/copia* expression in *H. annuus*, *H. petiolaris*, and their F1and backcross hybrids under control, salt, and SW treatments. (*A*) Assays performed 42 days postgermination and (*B*) assays performed 70 days postgermination. Sample sizes are as follows: *H. annuus*, *n* = 8--12; BCann, *n* = 5--6; F1, *n* = 8--11; BCpet, *n* = 5--6; and *H. petiolaris*, *n* = 7--10. Error bars indicate 1 SE. For each time point/treatment combination, bars not connected by the same letter are significantly different (Tukey's HSD). Similar post hoc tests were not performed for *Ty3/gypsy* expression data ([fig. 2](#evt006-F2){ref-type="fig"}) as significant effects of genotype (*P* ≤ 0.01) were not detected for any of the time point/treatment combinations. Table 1ANOVA Results for Transcriptional Response of *Gypsy* and *Copia* LTR Retrotransposons under Control and Stress TreatmentsSourcedfSS*FPGypsy*    Genotype411.1517312.18480.0717    Treatment298.53461038.6081\<0.0001    Time point118.31655814.35370.0002    Genotype × Treatment830.4827012.98600.0034    Genotype × Time point414.9503502.92890.0218    Treatment × Time point235.78826614.0227\<0.0001    Genotype × Treatment × Time point811.2662681.10360.3619    Error215274.35869*Copia*    Genotype473.04980529.6429\<0.0001    Treatment214.51396111.7793\<0.0001    Time point116.50205626.7855\<0.0001    Genotype × Treatment86.9996871.42020.1893    Genotype × Time point410.1457824.11710.0031    Treatment × Time point215.25342912.3794\<0.0001    Genotype × Treatment × Time point83.2456600.65850.7276    Error215132.45746[^2]

Transcriptional Dynamics in Stabilized Hybrid Species *H. anomalus*, *H. deserticola*, and *H. paradoxus*
---------------------------------------------------------------------------------------------------------

RT-PCR assays of the same *Ty3/gypsy* and *Ty1/copia* sublineages in four individuals of each hybrid derivative species yielded similar qualitative expression patterns to those observed for the parental taxa and early generation interspecific F1 and backcross hybrids, whereby *Ty3/gypsy* sublineage A and *Ty1/copia* sublineage B′ were transcriptionally active in all samples ([fig. 4](#evt006-F4){ref-type="fig"}*A* and *D*, respectively) and the remaining *Ty3/gypsy* sublineages were transcriptionally inactive ([fig. 4](#evt006-F4){ref-type="fig"}*B* and *C*). Although RT-PCR bands indicating *Ty3/gypsy* sublineage A expression were visible for all individuals in all species, those for *H. anomalus* samples appeared weaker in staining intensity, suggesting potentially lower expression levels in that species. Individuals of the hybrid derivative species were not grown under salt (S) or salt + wounding (SW) stress, and thus transcriptional activity was not assayed under those experimental treatment conditions. Representative positive and negative control reactions for the RT-PCR assays in the hybrid sunflower taxa are provided in [supplementary figure S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) online. F[ig]{.smallcaps}. 4.---RT-PCR results for three sublineages of *Ty3/gypsy* and one sublineage of *Ty1/copia* LTR retrotransposons for sunflower hybrid species *H. anomalus* (Ano), lanes 1--4; *H. deserticola* (Des), lanes 5--8; and *H. paradoxus* (Par), lanes 9--12. (*A*) *Ty3/gypsy* sublineage A; (*B*) *Ty3/gypsy* sublineage C; (*C*) *Ty3/gypsy* sublineage E; and (*D*) *Ty1/copia*. Assays were performed 42 days postgermination.

Quantitative RT-PCR assays of transcriptionally active *Ty3/gypsy* and *Ty1/copia* sublineages were performed for 9--11 individuals of each hybrid species and compared with results for the parental species *H. annuus* (*n* = 12) and *H. petiolaris* (*n* = 10) obtained under control conditions at the 42-day harvest time point ([fig. 5](#evt006-F5){ref-type="fig"}). *Ty3/gypsy* sublineage A transcriptional levels were approximately 2× to approximately 6× higher in the hybrid species compared with the parental species; post hoc tests revealed significant differences between parental species and two of the hybrid derivative species (*H. deserticola* and *H. paradoxus*), with the third hybrid species (*H. anomalus*) displaying a trend of increased expression relative to *H. annuus* and *H. petiolaris*. No notable expression differences were observed between parental and hybrid derivative species for *Ty1/copia* although significantly higher expression was observed for *H. annuus* and *H. paradoxus* compared with *H. petiolaris* ([fig. 5](#evt006-F5){ref-type="fig"}). F[ig]{.smallcaps}. 5.---Quantitative PCR results for transcriptionally active *Ty3/gypsy* sublineage A and *Ty1/copia* in *H. annuus*, *H. petiolaris*, *H. anomalus*, *H. deserticola,* and *H. paradoxus* under control conditions 42 days postgermination. Sample sizes are as follows: *H. annuus*, *n* = 12; *H. anomalus*, *n* = 9; *H. deserticola*, *n* = 11; *H. paradoxus*, *n* = 10; and *H. petiolaris*, *n* = 10. Bars not connected by the same uppercase letter (*Ty3/gypsy* sublineage A) or lowercase letter (*Ty1/copia*) are significantly different (Tukey's HSD). Error bars indicate 1 SE.

Discussion
==========

Hybridization and abiotic stress have been implicated as important triggers of transposable element derepression and proliferation in many species groups ([@evt006-B49]; [@evt006-B7]; [@evt006-B46]; [@evt006-B18]; [@evt006-B1]; [@evt006-B16]; [@evt006-B13]; [@evt006-B39]; [@evt006-B45]; [@evt006-B9]). In this report, we evaluated the impact of these factors on transcriptional dynamics of *Ty3/gyspy* and *Ty1/copia* LTR retrotransposons in a group of wild sunflowers with a notable history of LTR retrotransposon proliferation following, or associated with, speciation via hybridization and adaptation to abiotically stressful environments ([@evt006-B29]; [@evt006-B19]; [@evt006-B41]). Knowledge of the parental species that gave rise to the hybrid taxa and the ability to generate and study experimentally their early generation hybrids alongside the established hybrid derivative taxa provide a powerful setting for studying activational dynamics of transposable elements in a relevant evolutionary context. Utilization of plant materials from geographically diverse populations of the parental species *H. annuus* and *H. petiolaris* and a diversity of greenhouse synthesized hybrid genotypes suggest our experimental findings are likely to be general for this group of plants.

Transcriptional Activity of *Ty3/gypsy* and *Ty1/copia* Sublineages
-------------------------------------------------------------------

Transcriptionally active sublineages of *Ty3/gypsy* and *Ty1/copia* identified in this study represent the same variants shown previously to be active in natural *H. annuus* × *H. petiolaris* hybrid zones ([@evt006-B14]) and are closely related to variants that massively proliferated in the sunflower hybrid species ([@evt006-B41]; [@evt006-B15]). Consistent with previous findings ([@evt006-B14]), these sublineages remain transcriptionally active in samples of *H. annuus* and *H. petiolaris* from multiple populations ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) online) and in all synthesized hybrid genotypes ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) online) under both control and experimental stress conditions. Transcriptional activity of highly similar variants has been detected in an inbred line of cultivated *H. annuus* by other investigators ([@evt006-B44]).

Two additional sublineages of *Ty3/gypsy* that were investigated were transcriptionally inactive under control conditions in all samples and uninducible under S and SW stress conditions in samples of *H. annuus*, *H. petiolaris,* and their interspecific F1 and backcross hybrids. Abiotic stress treatments involving exposure to salt were used for the current experiments because one of the hybrid species (*H. paradoxus*) is locally adapted to saline marshes ([@evt006-B20]; [@evt006-B12]) and is the sole hybrid species to have undergone massive proliferation events of both *Ty3/gypsy* and *Ty1/copia* LTR retrotransposons ([@evt006-B41]; [@evt006-B15]).

Although uninducible under stress conditions examined herein, it is unlikely these sublineages lack the capacity for transcriptional/transpositional activation given intact and thus presumably functional *GAG* and *POL* genes and near-identical flanking 5′- and 3′-LTRs, indicating recent insertional activity of these elements. A phylogenetic signal of proliferation from within one of these sublineages (i.e., sublineage E) was reported previously for the three sunflower hybrid species ([@evt006-B40]), raising the possibility that more than a single sublineage of *Ty3/gypsy* has amplified in the sunflower hybrid taxa since their origins.

Although mounting evidence suggests LTR retrotransposon transcriptional and transpositional activation in response to hybridization and numerous biotic and abiotic stressors in other species, the universality of such phenomena is unclear as negative results are less likely to be published. Moreover, not all stressors tested experimentally induce transcriptional responses of normally quiescent transposable elements ([@evt006-B39]; [@evt006-B25]). RT-PCR assays in this report were conducted for leaf tissue only; similar assays on reproductive (bud) tissue could reveal different results, especially given changes in gene expression and epigenetic phenomena that occur during the development of reproductive tissue ([@evt006-B3]; [@evt006-B10]).

We also have not assayed samples for element insertional activity in this study. We cannot rule out the possibility that parental and hybrid genotypes experience comparable transcriptional levels but hybrids experience higher insertion rates. In a previous report, however, we examined multiple, geographically diverse *H. annuus* × *H. petiolaris* hybrid populations for evidence of genome size expansion and LTR retrotransposon copy number increases ([@evt006-B14]). Genome size and element copy number estimates in these natural hybrid populations typically were intermediate relative to those of nearby stands of pure parental species, suggesting that insertion rates in hybrid genotypes are not elevated relative to parental lines.

Hybridization and Abiotic Stress Do Not Further Induce Transcriptionally Active Sublineages
-------------------------------------------------------------------------------------------

Quantitative RT-PCR assays revealed that transcriptionally active *Ty3/gypsy* and *Ty1/copia* elements are not further induced as a consequence of hybridization or exposure to abiotic stress. To the contrary, *H. annuus* × *H. petiolaris* F1 and backcross hybrids exhibited normalized expression levels similar to or intermediate relative to parental species, and S and SW stress treatments had either no effect or resulted in reduced normalized expression compared with controls for all genotypes assayed. Results reported here and previously ([@evt006-B14]) fail to support earlier assertions regarding the potential roles of these phenomena in element proliferation events in the sunflower hybrid taxa ([@evt006-B41]), although we cannot rule out other potential stressors (i.e., water deficit, light stress, and biotic factors) as having contributed to natural proliferation events in hybrid species genomes. More severe stress (i.e., higher NaCl concentrations) also seem unlikely to trigger or further induce element activity as NaCl concentrations much beyond 90 mM have highly adverse effects on *H. annuus* and *H. petiolaris* survivorship, biomass, and other fitness-related characters ([@evt006-B48]).

Elevated Expression of *Ty3/gypsy* in Hybrid versus Parental Sunflower Species
------------------------------------------------------------------------------

The 2× to 6× higher expression of *Ty3/gypsy* sublineage A in the hybrid species versus parental taxa raises several questions pertaining to the historical amplification of these sequences in the hybrid species genomes and the molecular mechanism through which elevated transcriptional levels arose and are maintained. Whether higher transcriptional rates of *Ty3/gypsy* in the sunflower hybrid taxa translate to elevated element insertional rates and thus continuing proliferation in the hybrid sunflower species currently is unknown. Methods to detect individual insertion events ([@evt006-B47]; [@evt006-B42]; [@evt006-B24]) should allow this question to be addressed experimentally.

Differential effectiveness of epigenetic TE silencing ([@evt006-B33]; [@evt006-B21]) represents a plausible mechanism underlying variation in transcriptional levels among these sunflower species. Comparative genome-level analyses of methylation ([@evt006-B5]) or small RNA content ([@evt006-B4]) may provide insights into differential transcriptional patterns reported herein. A second possibility could involve expression differences that are a natural consequence of different copy number abundances of these elements in the parental versus hybrid species. In previous work, we estimated via quantitative PCR copy number abundances of these proliferative *Ty3/gypsy* and *Ty1/copia* elements in the parental versus hybrid sunflower species ([@evt006-B41]; [@evt006-B15]). When compared with mean copy number estimates for the parental species *H. annuus* and *H. petiolaris*, the hybrid species harbor from 7.7- to 10.6-fold more copies of *Ty3/gypsy* and from 1.7- to 3.7-fold more copies of *Ty1/copia*. Higher expression in the hybrid species thus simply could result from more copies that are active transcriptionally. This argument, however, assumes transcriptional activity of all (or most) physical copies of the proliferative variants and only could explain expression differences of *Ty3/gypsy*; systematic expression differences between parental and hybrid species were not observed for *Ty1/copia*. (However, we acknowledge that *Ty1/copia* copy number differences between parental and hybrid species also are of lower scale.)

Finally, a third possibility could involve differential expression based on *cis* and/or *trans* regulatory variation among species. It is difficult to invoke *cis*-regulatory differences between parental and hybrid taxa as all elements in the ancient hybrid species are necessarily derived from elements present in the parental species *H. annuus* and/or *H. petiolaris*. The occurrence of mutations in promoter regions causing enhanced expression seems unlikely as they would have needed to arise in each of the independently derived hybrid species. Differences in *trans*-regulation may be more plausible, however, and potentially could evolve as a result of population genetic processes if transcription factors regulating these LTR retrotransposon sublineages experienced different selection pressures in the parental versus hybrid sunflower species. Transcription factors governing expression of the *Tto1* LTR retrotransposon in tobacco have been characterized and shown also to regulate defense-related tobacco genes ([@evt006-B36]). Identification of the transcription factor(s) governing expression of the active *Ty3/gypsy* sublineages in sunflower, determining whether they regulate other sunflower genes, and examining historical patterns of selection on these regulatory genes could provide evidence for the *trans*-regulation hypothesis.

Materials and Methods
=====================

Plant Materials
---------------

Seeds of the five sunflower species under study were obtained from the USDA National Plant Germplasm System ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) online) and represent original wild-collected materials. F1 and backcross individuals were generated in the Kansas State University greenhouses by crossing *H. annuus* and *H. petiolaris* individuals from multiple populations and by crossing resulting F1s to relevant parental species individuals ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) online). The use of *H. annuus* and *H. petiolaris* individuals from multiple natural populations resulted in a diverse array of natural genetic variation among hybrid genotypes. Crosses to generate hybrid individuals were performed in 2008 and 2009.

Growing Conditions and Experimental Stress Treatments
-----------------------------------------------------

Individuals of *H. annuus*, *H. petiolaris,* and their interspecific F1 and BC1 hybrids were subjected to S, SW, and a control (C) treatment. Salt solution was prepared following [@evt006-B12] to simulate the natural below-ground environment of the salt-tolerant hybrid species *H. paradoxus*. Individuals subjected to S and SW stress were exposed initially to a solution consisting of 25 mM NaCl, 8.0 mM CaCl~2,~ and 5.5 mM MgSO~4~, with subsequent increases in NaCl concentration according to the following protocol: days 1--14, 25 mM NaCl; days 15--28, 40 mM NaCl; days 29--42, 65 mM NaCl; and days 43--70, 90 mM NaCl. For the SW treatment, leaf samples were wounded mechanically with razor blades 6 h before harvest.

All seeds were germinated in the dark on moist filter paper in Petri dishes using salt solution for S and SW stress treatment groups and tap water for the control group. Germinated seedlings were transferred to four-inch pots and grown in a Kansas State University greenhouse. All plants were watered daily or as needed and provided with a weak nutrient solution (N:P:K = 15:30:15) once per week. Leaf material from *H. annuus*, *H. petiolaris*, F1, and BC1 hybrids was harvested for assays of LTR retrotransposon transcriptional activity 42 and 70 days postgermination, marking the conclusions of the 65 mM and 90 mM periods of NaCl exposure. Hybrid species individuals (*H. anomalus*, *H. deserticola*, and *H. paradoxus*) were grown under control conditions only, with leaves of these individuals harvested 42 days postgermination. All plant positions were randomized across six 1.6 × 3.1 m greenhouse benches. Harvested leaf samples were immediately flash frozen with liquid nitrogen. Total RNA was extracted following protocols in [@evt006-B14].

RT-PCR Assays
-------------

Three sublineages of *Ty3/gypsy* and a single sublineage of *Ty1/copia* were evaluated for transcriptional activity 1) in *H. annuus*, *H. petiolaris*, and their interspecific F1 and BC1 hybrids under two stress treatments and a control treatment and 2) in the sunflower hybrid species under the control treatment. One of the *Ty3/gypsy* sublineages and the *Ty1/copia* sublineage were shown in previous reports to have undergone proliferation events in the sunflower hybrid species ([@evt006-B41]; [@evt006-B15]) and correspond to *Ty3/gypsy* sublineage A ([@evt006-B40]) and *Ty1/copia* sublineage B′ ([@evt006-B15]), respectively. These sublineages also have been documented previously as transcriptionally active in natural populations ([@evt006-B14]).

Sublineage-specific primers were developed for two additional *Ty3/gypsy* sublineages corresponding to phylogenetically well-supported lineages C and E in [@evt006-B40]. The *RT-RNASEH-INT* domains of six (lineage C) and two (lineage E) full-length and intact elements were aligned and primers designed based on regions of the *INT* domain that are conserved within, but differ among, sublineages. *Ty3/gypsy* elements of sublineages C and E have not previously been shown to be transcriptionally active in sunflower. These sublineages likely remain capable of transcriptional/transpositional activation, however, based on intact interior coding regions and their \"young\" age as determined by sequence analysis of their flanking 5′- and 3′-LTRs: each of the six sublineage C elements harbor 5′- and 3′-LTRs that are 99.2--99.7% identical and the two sublineage E elements harbor 5′- and 3′-LTRs that are 97.3% and 99.4% identical. All primers were designed with Primer3 (<http://frodo.wi.mit.edu/>, last accessed February 1, 2013) and are listed in [supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) online.

RT-PCR assays were conducted using ImProm-II™ Reverse Transcriptase (Promega, Madison, WI). Primers targeting *Actin* ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) online) were used as positive control reactions. To test for genomic DNA contamination of RNA, negative control PCR reactions were performed by withholding the reverse transcriptase enzyme. RT-PCR amplifications were conducted with an initial denaturing step of 94 °C for 2 min followed by 35 cycles of 94 °C for 15 s, 60 °C for 15 s, and 72 °C for 15 s, with a final incubation step of 72 °C for 6 min. The amplified products were size separated via electrophoresis in 2% agarose gels and stained with ethidium bromide for visualization. RT-PCR assays were performed for 10--12 individuals of *H. annuus*, *H. petiolaris,* and diverse F1 and backcross hybrid genotypes ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) online), for each of the two stress treatments and the control treatment. Identical assays were performed for 4 individuals of each hybrid species, *H. anomalus*, *H. deserticola*, and *H. paradoxus* under control conditions only.

Quantitative PCR Assays
-----------------------

Expression levels of transcriptionally active sublineages (*Ty3/gypsy* sublineage A and *Ty1/copia* sublineage B′) were further evaluated by quantitative RT-PCR using an iCycler iQ quantitative PCR system (Bio-Rad, Hercules, CA). Cycling conditions consisted of initial denaturing at 94 °C for 90 s, followed by 40 cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s. Reactions were performed using the iQ SYBR Green Supermix kit (Bio-Rad) with three technical replicates per sample. All reactions were performed in 30 µl volumes using 5 µl of template cDNA and primers targeting *Ty3/gypsy* (sublineage A) and *Ty1/copia* (sublineage B′). *Actin* and *UBC* ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) online) were used for expression normalization. Quantitative PCR melt curves revealed single and unique peaks for each primer pair, confirming high specificity to the target sequence fragments. In addition, high PCR efficiency (96--103%) was confirmed for each primer pair by standard curve assays using a dilution series of cloned cDNA fragments of *Ty3/gypsy, Ty1/copia*, *Actin*, and *UBC* (5.0, 1.0, 0.2, 0.04, 0.008, and 0.0016 ng/ml). Relative expression of *Ty3/gypsy* and *Ty1/copia* sublineages was standardized to the geometric mean of relative expression values of the two reference genes following [@evt006-B43]. Quantitative RT-PCR for hybrid species individuals under control conditions was expanded to *n* = 9--11 per species. Cycle threshold (Ct) values for all samples were within the linear range of standard curves.

Supplementary Material
======================

[Supplementary figures S1--S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) and [tables S1--S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt006/-/DC1) are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).
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